Polyploidy is an integral part of development and is associated with cellular stress, aging and pathological conditions. The endoreplication cycle, comprised of successive alternations of G and S phases without cell division, is widely employed to produce polyploid cells. The endocycle is driven by continuous oscillations of Cyclin E/Cdk2 activity, which is governed by E2F transcription factors. In this study, we provide mechanistic insight on how E2F-dependent Cdk oscillations during endocycles are maintained in Drosophila salivary glands. Genetic experiments revealed that an alternative splicing isoform of E2F1, E2F1b, regulates the circuitry of timely S phase entry and exit by activating a subset of E2F target genes. E2F1b regulates the Drosophila ortholog of p27 CIP/KIP -like Cdk inhibitor Dacapo to precisely time S phase entry by controlling the CycE/Cdk2 activity threshold. Upon entry to S phase, E2F1bdependent PCNA expression establishes a negative feedback loop through the PIP box-mediated degradation of E2F1. Overall, our study uncovers a network of E2Fdependent genetic oscillators that are critical for the periodic transition between G and S phases during endoreplication.
Introduction
The endoreplication cycle (endocycle) is a variant cell cycle comprised of successive alternations of G and S phases, leading to increased DNA content without cell division [1] . This alternate cell cycle is widely used to produce polyploid cells during development and for maintaining tissue homeostasis [2] . Endoreplication is driven by oscillations of Cyclin-dependent kinase (Cdk) activity, where low Cdk activity promotes pre-replicative complex (pre-RC) formation and high Cdk activity initiates S phase [3] . At the center of regulating Cdk activity are E2F transcription factors. For example, E2F7 and 8 coordinate the balance between endoreplication and the mitotic cycle during development of placental trophoblast giant cells and hepatocytes of the liver [4, 5] . In Drosophila, specific defects in endoreplicating tissues were observed in three independent viable alleles of the only activator E2F, de2f1: de2f1 i2 , de2f1 su89 , and de2f1b [6] [7] [8] [9] . Interestingly, while mitotic tissues develop with no apparent defects, defects in endoreplicating tissues, such as the salivary gland, ovary, and bristles have been described in these alleles. Overall, studies in various organisms have demonstrated the importance of E2Fs for timely expression of S phase cyclins [10] and suppressing expression of mitotic cyclins during the endocycle [4, 5] .
The relationship between E2F and S phase cyclin, Cyclin E (CycE), is wellcharacterized in the Drosophila salivary gland. E2F1 accumulation during G phase and its subsequent degradation during S phase ensures timely expression of CycE [11] .
Degradation of E2F1 is carried out by CRL4 Cdt2 , an E3 ubiquitin ligase, which targets E2F1 via the Proliferating Cell Nuclear Antigen (PCNA) Interacting Peptide (PIP) degron in a DNA replication-dependent manner [12, 13] . While the PIP degron-dependent mechanism seems to be unique to Drosophila, limiting E2F activity upon entry to S phase in endocycling tissues seems to be common and essential across numerous organisms [11] . For example, one of the crucial targets of E2F7/8 is mammalian E2F1 [4, 5, 14, 15] . Recently, we reported that an alternatively spliced isoform of the activator de2f1 named E2F1b is critical for endocycling tissues, such as the salivary gland [9] . In this study, we further investigated the precise role of E2F1b during endoreplication in the salivary gland. Our findings reveal that E2F1b establishes feedback circuits that are necessary for proper entry to and exit from S phase. In G phase, E2F1b-dependent activation of Dacapo (Dap) limits CycE/Cdk2 activity. This likely ensures that appropriate levels of factors necessary for proper DNA synthesis are achieved prior to entering S phase. In S phase, E2F1b-dependent expression of PCNA helps establish a negative feedback loop that targets E2F1 for degradation during S phase, directly linking E2F1 activity to its own destruction. Overall, our study demonstrates that E2F1b-specific targets establish the genetic network that sets up the oscillating nature of G and S phase during endocycle progression.
Results and Discussion

E2F1b is required for biphasic CycE and E2F1 oscillations in endocycling salivary glands
To understand the impact of E2F1b deregulation during the endocycle, we carefully analyzed actively cycling salivary glands, staged 80-85 hours After Egg Laying (hr AEL).
Previous studies have demonstrated that the biphasic expression of core molecular oscillators, E2F1 and CycE, is required for endocycle progression [13] . Indeed, this biphasic expression is clearly visible when a contiguous plot profile of salivary gland cells marked with E2F1 and CycE along with its associated 2-dimensional (2D) scatter plot are generated ( Figure 1A ). As alluded from our previous study, the biphasic oscillation of CycE and E2F1 expression is disrupted in de2f1b salivary glands ( [9] and Figure 1B ). The relationship between CycE and E2F1 is no longer mutually exclusive and rather becomes linear, indicating that E2F1b is required for the periodic nature of CycE and E2F1 expression during endocycles. Importantly, E2F1a is readily detected in the de2f1b salivary gland, indicating that this E2F1b's function during endoreplication cannot be compensate by E2F1a ( Figure 1B) .
To determine the impact of disrupted E2F1 and CycE expression during endocycle, ethynyl deoxyuridine (EdU) incorporating S phase cells relative to CycE expression was determined. Interestingly, despite the lack of mutual exclusivity between E2F1 and CycE, endocycle progresses in de2f1b salivary glands, evident by the abundance of EdU positive cells ( Figure 1C ). In fact, the percentage of S-phase cells in de2f1b salivary glands is significantly higher than in the control ( Figure 1D ). Notably, quantification of overall CycE intensity revealed that although the mean CycE expression level between the control and de2f1b salivary glands is not significantly different, cells with high CycE expression are lacking in de2f1b salivary glands ( Figure   1E ). Consequently, the overall variance of CycE expression among different nuclei is significantly decreased in de2f1b mutants ( Figure 1D ). Comparing 2D scatter plots of CycE and EdU intensities of each nuclei showed that the overall pattern of the 2D scatter plot is not changed. This suggests that while CycE high cells may be scarce, the relationship between CycE expression and EdU incorporation is not altered in de2f1b salivary glands ( Figure 1F ). Taken together, these data suggest that while E2F1b is required for establishing the oscillation of E2F1 and CycE expression, de2f1b mutant cells readily enter S phase during the endocycle.
Cells in de2f1b salivary glands prematurely enter S phase
Next, we used the Fly-Fluorescent Ubiquitination-based Cell Cycle Indicator (FUCCI) system to better characterize cell cycle-dependent events in de2f1b salivary glands [16] .
Specifically, the G1 sensor, hereon referred to as G1-FUCCI, was used to positively mark G phase cells. G1-FUCCI is GFP fused to PIP box-dependent E2F1 degron (GFP-E2F11-230), which is targeted for degradation in a S phase-specific manner ( Figure 2A ) [16, 17] . To unambiguously mark G and S phase cells, G1-FUCCI and EdU incorporation was used ( Figure 2B ). 2D scatter plot comparing GFP and EdU intensities from control salivary glands showed that the population of cells with G1-FUCCI expression are distinct from EdU incorporating cells ( Figure 2C and 2D left panels).
Notably, the distinction between G1-FUCCI and EdU populations are lost in de2f1b salivary glands ( Figure 2C and 2D right panels), suggesting that S phase-specific PIP box-dependent degradation mechanism is deregulated in de2f1b salivary glands. This likely explains the reduced oscillation and mutually exclusiveness between E2F1 and CycE ( Figure 1A and 1B) and also suggests that the boundary between G and S phases becomes unclear in de2f1b salivary glands ( Figure 2D To understand how de2f1b cells readily enter S phase without accumulating high levels of CycE, we determined the expression pattern of CycE relative to G1-FUCCI.
Notably, in addition to G1-FUCCI negative cells (S phase cells) expressing high CycE, there is a large fraction of G1-FUCCI positive cells also expressing high CycE ( Figure  2E left panel). This observation shows that CycE can accumulate at high levels during G phase and that its levels may not directly reflect its activity. This also suggests that there may be a mechanism in place to prevent CycE/Cdk2 activity during G phase. We hypothesized that this pool of G phase cells likely represents late G phase cells that are primed to enter S phase, accumulating high level of CycE prior to being activated in S phase. While CycE high cells are scarce in de2f1b salivary glands, they are generally associated with lower levels of G1-FUCCI and lacking from high G1-FUCCI population ( Figure 2E right panel). This result indicates that the CycE high G phase population observed in the control is missing in de2f1b salivary glands. This result, together with the observation that cells in de2f1b salivary glands readily enter S phase ( Figure 1E ), suggests that the loss of E2F1b allows cells to enter S phase without accumulating high levels of CycE. To further test this idea, we compared the expression of Double Parked (DUP), a pre-RC component also known as Cdt1 [18] , and G1-FUCCI. DUP accumulates in G phase where Cdk activity is low and rapidly degraded at the onset of S phase [19] [20] [21] [22] . Consistent with this idea, DUP demonstrates a linear relationship with G1-FUCCI in control salivary glands, DUP is low where G1-FUCCI is low and DUP is high where G1-FUCCI is high ( Figure 2F 
Specificity of E2F1b-dependent transcription during the endocycle
To gain mechanistic insights behind the endocycle defect, we determined the expression levels of E2F targets in de2f1b salivary glands. E2F1 transcriptionally regulates expression of core endocycle machineries, such as cycE as well as genes important in mitotic cycles [13] . Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) was performed on RNA collected from 80-85 hr AEL salivary glands of control and de2f1b. We selected E2F targets that were specific to G1/S or G2/M to determine if a specific group of E2F1 target is regulated by E2F1b. As shown in Figure 3A , E2F1b deregulation specifically affects G1/S targets and not G2/M targets. Importantly, there were notable discrepancies within the G1/S targets. While the expression of many G1/S targets, such as rnrS and PCNA, had an approximately 2-fold decrease, cycE levels are relatively unaffected in de2f1b salivary glands, resulting in less than 20% reduction. Interestingly, dap, a p27 CIP/KIP -like Cdk inhibitor of CycE/Cdk2 activity [23] , also showed a 2-fold decrease in de2f1b salivary glands. This is likely a tissue-specific effect since in de2f1 mutant embryos, dap expression was shown to be independent of E2F1 [24] . These quantitative results were further validated through in situ hybridization and analysis of reporter constructs ( Figure S1D ). Overall, our data suggest that cycE expression can be compensated by the presence of E2F1a while expression of other E2F1 targets, such as PCNA and rnrS, cannot be compensated.
We next asked whether the disproportional change between cycE expression and other E2F1 target genes have functional consequences. We were particularly interested by the fact that dap expression is more reduced in de2f1b salivary glands than cycE. This raises the possibility that despite CycE not reaching high levels ( Figure   1E ), CycE/Cdk2 activity may be elevated due to a dampened expression of its inhibitor. Therefore, we examined the effect of reducing cycE levels in de2f1b salivary gland cells. Upon depletion of cycE using salivary gland specific driver sgG4, we observed a strong suppression of the cell cycle defect described in Figure 2D . cycE depletion in de2f1b salivary glands eliminates the population of cell where G1-FUCCI expression and EdU incorporation overlap ( Figure 3B ). This result suggests that this overlap is likely due to hyperactivation of CycE that pushes cells to prematurely enter S phase in de2f1b salivary glands. This is also supported by partial restoration of nuclear accumulation of DUP upon cycE depletion (Figure S1E, S1F). Furthermore, to determine if increased cycE activity contributes to the previously reported semi-lethality of de2f1b flies [9] , cycE was weakly depleted in most fly tissues using heatshock-GAL4 (hsG4) without heat shock. Importantly, depleting cycE significantly rescued the pupal lethality to 75% eclosion rate from 50% while depleting rnrS, another well-known E2F1 target, increased the pupal lethality to 22% ( Figure 3C ). Taken together, our results indicate that hyperactive CycE is a major contributor of the defects observed in de2f1b flies.
Dap sets the CycE/Cdk2 activity threshold for timely S phase entry
To determine the contribution of Dap to CycE hyperactivation, we first determined the if nuclear level of Dap is affected in de2f1b salivary glands. Because our commercially purchased Dap antibody did not result in direct detection of the endogenous protein levels, we used a Dap protein reporter (dap-1gm). dap-1gm is a transgene containing a 6-kb 5' regulatory region of Dap with the coding sequence tagged with 6XMyc epitopes on the C-terminus [25] . dap-1gm faithfully recapitulates the endogenous Dap expression in most tissues with the exception of the extraembryonic amnioserosa and importantly rescues the semi-lethality of dap homozygous mutants [25] . Upon analyzing the expression of Dap (Dap-Myc) relative to G1-FUCCI and CycE ( Figure 3D ), we observed that Dap expression peaks in CycE expressing cells of control salivary glands only when they are in G phase ( Figure 3D asterisks). In CycE high and G1-FUCCI negative S phase cells, Dap expression is almost undetectable and therefore no longer coupled to CycE (Figure 3D arrowhead) . This is likely due to the PIP box-dependent degradation of Dap, by CRL4 Cdt2 in S phase [26] . This result suggests that Dap is expressed in CycE high G phase cells to limit its activity prior to entering S phase. In de2f1b salivary glands, however, Dap expression is significantly reduced, reflecting the decrease in the transcription level ( Figure 3D bottom panel and Figure 3E ). This indicates that the failure to express Dap likely promotes hyperactivation of CycE in G phase and premature entry into S phase.
Importantly, it has been suggested that Dap does not contribute to the periodic silencing of CycE/Cdk2 during endocycles [13] . However, this was largely based on the lack of ploidy and size defects in dap mutant nuclei. Therefore, we knocked down dap and determined its effect in the cell cycle and CycE expression. Consistent with previous findings, depletion of dap does not affect the overall ploidy during endocycles Figure S2B ). However, we observed a significant increase of S phase population, similar to what was observed in de2f1b salivary glands ( Figure 3F ). Moreover, CycE levels were significantly decreased in dap knockdown salivary glands ( Figure S2A and 3G,H). This is likely due to a decrease in the threshold of CycE levels to reach the CycE/CdK2 activity that is required for S phase entry in the absence of its negative regulator Dap. This also provides an explanation in which de2f1b cells prematurely enter S phase without reaching high levels of CycE. Taken together, these results indicate that Dap is required during the endocycle to control CycE/Cdk2 activity prior to entering S phase, and that decrease level of Dap contributes to many aspects of the endocycle defects observed in de2f1b salivary glands.
E2F1b-dependent transcription of PCNA controls PIP box-mediated degradation and establishes a negative feedback loop
Our findings indicate that PCNA is one of the E2F1b-specific targets ( Figure 3A ). As mentioned above, the degradation mechanism of E2F1 requires S phase-coupled chromatin-bound PCNA-dependent action of CRL4 Cdt2 . We hypothesized that PCNA contributes to the oscillation defect shown in Figure 1A , raising a possibility that E2F1b activity is directly linked to its own degradation, which is critical for the oscillatory nature of E2F1 expression during endocycles. Correspondingly, nuclear PCNA protein expression oscillates in control salivary glands and is significantly decreased in de2f1b salivary glands ( Figure 4A,B) . In control salivary glands, cells with high PCNA levels have low E2F1 expression ( Figure 4A asterisks) and low PCNA level have high E2F1 expression ( Figure 4A arrowhead) . In de2f1b salivary glands, cells with high PCNA levels are absent, indicating that E2F1b is required for proper PCNA expression during S phase. To test the role of PCNA in establishing the biphasic oscillation of E2F1 and CycE, we depleted PCNA in the salivary gland and generated a plot profile of E2F1 and CycE expression ( Figure 4C ). Strikingly, PCNA depletion led to a complete loss of oscillations between E2F1 and CycE similar what was observed in de2f1b salivary glands and stabilized the expression of both proteins in virtually every cell. Supporting the notion that this effect is mainly through deregulating the PIP-dependent degradation program, PCNA depletion completely disturbed the G1-FUCCI oscillation as well ( Figure   S2C ).
Next, we determined the effect of partially restored PCNA expression in de2f1b salivary glands by weakly expressing PCNA under hsG4 without heat shock. Strikingly, this resulted in cells where CycE and E2F1 is no longer coordinated ( Figure 4D Figure S2D ). However, we still observed the variable nuclear size defect seen in de2f1b salivary glands, suggesting that the nuclear size is independently regulated from ploidy control ( Figure S2E, [9] ). Importantly, weakly expressing PCNA in de2f1b flies significantly restored the eclosion rate ( Figure 4F ), similar to what is observed with depletion of cycE ( Figure 3C ). Taken together, our data suggest that the E2F1b-PCNA regulatory axis is crucial for proper degradation of E2F1 in S phase, which is required for downregulating cycE expression at the end of S phase.
Coordinating the endocycle requires E2F1b-dependent genetic circuitry
Previous genetic studies have established E2F as an important regulator of the endocycle. The final ploidy of endocycling tissues is determined by silencing the E2Fdependent mitotic transcriptional program in mice and the regulation of the biphasic E2F1-CycE oscillators in flies [11] . In this report, we further refined the role of E2F during endocycle progression in Drosophila by identifying feedback mechanisms that govern the entry to and exit from S phase ( Figure 4G ). Endocycles consist of G and S phases, doubling DNA content without cell division. As a consequence, key cell cycledependent molecular events depend on controlling the timing of DNA synthesis. This includes proper licensing of origin of replication during G phase, firing of the origin upon entry to S phase, and preventing relicensing origin during S phase [27] . CycE/Cdk2 is at the center of these events. In G phase, activity of CycE/Cdk2 is held in check to ensure loading of licensing factors such as DUP/Cdt1. In contrast, CycE/Cdk2 becomes fully active during S phase to fire origins of replication and to prevent relicensing of origins. It has been previously thought that the nature of CycE/Cdk2 activity is directly contributed by the oscillating E2F1 expression and mainly regulated at the level of transcription in a cell cycle-dependent manner [13] . However, our data demonstrates that Dap is an integral part of the endocycle in salivary glands, fine tuning the timing of S phase entry.
Curiously, Dap depletion does not result in ploidy defects in the salivary gland ( Figure   S2B and [13] ). This is perhaps due to compensation by E2F1. Increased and/or premature CycE/Cdk2 activity likely inactivates RBF1 more efficiently, which in turn enables rapid accumulation of E2F1 targets such as ORCs, MCMs and DNA polymerases ( Figure 4G ). This would ensure expression of sufficient factors for DNA synthesis even if cells prematurely enter S phase. Nevertheless, an important implication of our finding is that the threshold of CycE/Cdk2 activity that is needed for entry to S phase may be regulated at two different levels: E2F-dependent transcriptional activation of cycE and Dap-mediated inhibition of CycE/Cdk2 activity.
By regulating the S phase-dependent expression of PCNA, E2F1b establishes a negative feedback loop to control its own degradation. In de2f1b salivary glands, cells have decreased PCNA expression, however, cells readily enter S phase due to hyperactive CycE/Cdk2. As a consequence, E2F1 destruction is no longer coupled to DNA synthesis and CycE is poorly downregulated at the end of S phase. This results in a deregulated endocycle in which E2F1 and CycE oscillation is lost ( Figure 1A) . Despite the loss of E2F1 and CycE oscillation, about 50% of de2f1b mutant complete morphogenesis and become adult flies ( Figure 2C, 4F ). This suggests that while E2F1 and CycE oscillation is an important regulatory feature, it is not absolutely essential for the endocycle as cells are able to become polyploid. To understand the mechanistic role of E2F-dependent target gene oscillations during the endocycle, it will be crucial to determine the consequences of e2f mutations on specific features of the endocycle, such as differential DNA replication, cell size and ploidy.
Materials and Methods
Fly strains
All fly strains and crosses were maintained at 25 o C on standard cornmeal medium in a 12-hour light and dark cycle. Full list of stocks and genotypes for each experiment are described in Appendix Table S1 and S2.
Eclosion Rate Quantification
To quantify the eclosion rate, eggs were collected from each genotype for 1 day then total pupae that eclosed after 14 days AEL were counted and their eclosion rate was calculated accordingly in comparison to total pupae present. Values represent an average of experimental triplicates. Error bars indicate standard deviation (s.d.).
Immunostaining and EdU labelling
For immunostaining, 80-85 hr AEL salivary glands were fixed in 4% formaldehyde in 1XPBS for 20 minutes at room temperature (with the exception of dE2F1 immunostaining, where tissues were fixed at 4 o C for 30 minutes). Tissues were then washed three times with 0.3% PBSTriton-X then three times with 0.1%PBSTriton-X. Representative images were selected from a minimum of 10 independent tissues that were appropriately labeled.
Microscopy
All fluorescently labelled tissues were mounted using a glycerol-based anti-fade mounting medium containing 5% N-propyl gallate and 90% glycerol in 1XPBS. All confocal micrographs were acquired using a laser-scanning Leica SP8 confocal microscope with a 20x/0.7 dry objective as a Z-stack with 1.5 μm set as the Z distance at the Cell Imaging and Analysis Network, McGill University. Representative images are individual slices from Z-stacks and a minimum of 10 independent confocal micrographs were taken. Images from in situ hybridization experiments were taken using the Canon Powershot G10 and Zeiss SteREO Discovery V8 modular stereo microscope with a conversion lens adaptor. All images were processed using Fiji (http://fiji.sc/Fiji).
Generation of Plot Profile plots
Per genotype, a minimum of 250 microns was spanned across a section of the salivary gland through the middle of each nuclei using the freehand line tool in Fiji. The Plot Profile analysis tool was used to generate plots per individual channel. Generated plot profiles for two channels were merged on GraphPad Prism. The linearized image was created using the Straighten edit tool from Fiji.
Quantification of nuclear protein and DAPI intensities
Nuclear protein intensities for dE2F1, CycE, G1-FUCCI, EdU, DUP, Dap, PCNA, Dap-Myc, and DAPI were obtained using the particle analysis tool in Fiji. For each salivary gland, a Z-projection of 2 stacks from the most apical and most basal sections were produced then subjected to analysis to accurately quantify the overall distribution of nuclear concentrations in a given salivary gland. Five independent salivary glands from the same experiment were analyzed to control for differential protein intensities. A minimum of 300 nuclei are shown for all analyses. Nuclear protein intensities were then plotted as a X, Y point plot or a scatter plot to show protein levels. Ploidy was plotted in a box and whiskers plot.
Quantification of S phase population
EdU incorporation positive nuclei were identified by the particle analysis tool in Fiji. For each salivary gland, the percentage of EdU incorporation positive nuclei per salivary gland was counted for five independent salivary glands from Z-projection of 2 stacks from the most apical and most basal sections. The average of the S phase populations taken from five salivary glands is shown. Error bars indicate s.d.
Quantification of E2F1:CycE ratio
Fluorescence intensities of E2F1 and CycE were determined using the particle analysis tool in Fiji. For each nucleus, E2F1 intensity was divided by CycE intensity then log transformed (log base 10) to get values ranging from 1 to -1, where 0 represents the 1:1 ratio (labelled as dotted line), values towards 1 represent cells with higher E2F1, and values towards -1 represent cells with higher CycE. 
Quantification of relative standard deviation of nuclear area
Reverse Transcriptase quantitative PCR (RT-qPCR)
Gene expression was quantified using the DyNAmo Flash SYBR Green qPCR Kit Resources FlyPrimerBank [28] . All primers were tested and run on an 8% acrylamide gel to ensure a single PCR product. Primers used in this paper are listed on Appendix Table S3 .
Statistical analysis
Statistical analyses were performed using the GraphPad Prism software. Two-tailed unpaired t-tests were performed for Figures 1D, 1E , 3A, 3E, 3F, 3G, 4B, and S1A. Ftest was performed to calculate the variance for Figures 1G and 3G . One-way ANOVA was performed on Figures 3C, 4F , S1F, S2B, S2E, and S2F. P-values represent ns = p > 0.05; * = p ≤ 0.05; ** = p ≤ 0.01; *** =p ≤ 0.001; **** = p ≤ 0.0001. 
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